Mantle cell lymphoma (MCL) is an aggressive B cell lymphoma that is largely chemoresistant. Ibrutinib, a drug that inhibits Bruton's tyrosine kinase (BTK), has improved the overall survival of patients with MCL; however, resistance to ibrutinib has emerged as a decisive, negative factor in the prognosis of MCL. Adopting a more patientcentric therapeutic approach that incorporates applied genomics and interrogation of B cell signaling pathways may offer an alternative route to reach durable remission in patients with MCL. Although targeting genetic variants in MCL is not yet feasible in the clinical setting, the identification and targeting of increasingly active B cell signaling pathways may be a viable therapeutic strategy that may improve patient outcomes. Genome-editing tools and sequencing platforms could play dominant roles in patient-centric approaches of treatment in the future, potentially improving clinical outcomes for patients with MCL.
INTRODUCTION
Mantle cell lymphoma (MCL) is a rare, aggressive, and chemoresistant form of non-Hodgkin lymphoma (NHL) that arises from a patient's B cells (1) . MCL also metastasize to other lymphoid organs and the central nervous system (2) . Despite the general improvement in overall response, the prognosis of MCL is still one of the worst among NHL types (3) . With the inclusion of ibrutinib, a first-in-class oral Bruton's tyrosine kinase (BTK) inhibitor, the overall response among relapsed-refractory patients reached 68% (4) . Unfortunately, patients on ibrutinib inevitably develop drug resistance; on average, these patients live for about 8 months after progression and respond very poorly to salvage therapies, which consist of rituximab-containing chemoimmunotherapies (5) . One of the mechanisms underlying ibrutinib resistance, seen in another form of cancer, chronic lymphocytic leukemia (CLL), is through a mutation in the ibrutinib binding site, BTK C481S (6) . Resistance has also been reported to other active agents, most notably the U.S. Food and Drug Administration (FDA)-approved proteasome inhibitor bortezomib (7) , further challenging the possibility of achieving durable remission in MCL.
In our quest to develop more effective and personalized therapies for patients with MCL, we envision moving away from the traditional drug-centric paradigm. In the drug-centric approach, two to three agents are usually tested in combination, and their efficacy in minimizing lymphoma progression is evaluated in clinical trials. But with the high number of targeted agents currently available and with even more in the pipeline, testing all of the promising combinations in clinical trials is impossible. To increase the likelihood of therapeutic success, patient-level genomics can be integrated into the clinical decision-making process for patients with MCL. Genomeediting tools can be used to identify target gene candidates and screen for drug resistance in tumor cells, specifying the pathways and molecular mechanisms that can be targeted in patients with MCL for therapeutic benefit. These tools have recently been implemented in a few clinical trials as therapeutic agents and have further potential in elucidating the molecular profiles of patient tumors.
Incorporating a newer, patient-centric approach to treatment that uses the molecular profile of each patient's tumor may improve overall survival for patients with aggressive disease. To this end, we discuss the need for and the feasibility of a genomics-integrated therapeutic approach for MCL, focusing on interrogation of the B cell signaling pathways and their critical mutational drivers.
TRADITIONAL THERAPEUTIC APPROACH BASED ON TUMOR HISTOLOGY
For decades, the identification of histological features of cancer cells has been used to diagnose cancer. This approach as a sole method of diagnosis poses a problem as we start to better understand the magnitude of molecular aberrations in cancers. Genetic information cannot be recognized with histological diagnostic methods alone. However, next-generation sequencing, proteomics profiling, and pathway associations that could potentially identify actionable targets are not routinely performed to date. Inclusion of these genomic tools and interrogation of pathways may elevate the efficacy of diagnosis and treatment. Because of the unpredictability of cancer and the heterogeneity of MCL, chemotherapeutic outcomes have demonstrated variation and irregularity (8) . Chemotherapy regimens, such as high-dose cytarabine with or without autologous stem cell transplant (ASCT), are effective with an overall survival of 12.7 years (9), but they come with the cost of high toxicity among young patients, including secondary malignancies. On the other hand, the regimen consisting of rituximab and hyperfractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone (Hyper-CVAD) is an active, aggressive frontline regimen with an impressive overall response (87% complete remission with an overall survival of 13.4 years) (10) . In addition to Hyper-CVAD treatment, the rituximab, cyclophosphamide, hydroxydaunorubicin, oncovin, prednisone or "R-CHOP" regimen (which alternates with the rituximab high-dose cytarabine with high-dose therapy consolidation) has also proven to be highly successful in targeting NHLs, including MCL (11) . Despite the success of these approaches, it is an unfortunate reality that with time, MCL cells will acquire resistance to these agents, eventually leading to relapse. The dismal treatment outcomes in most patients with relapsed-refractory MCL necessitate that alternative strategies such as targeted therapies and genomics-based approaches need to be integrated into the clinical decision-making process.
TARGETING GENETIC LESIONS IN MCL
The genomic landscape of most aggressive lymphomas, including the majority of MCL cases, shows tremendous variation (12, 13) . In MCL, frequent mutations in particular genes are reported in only a fraction of patients, thus making it difficult to target genetic lesions. We are still in the nascent stages of precision medicine in cancers, and matching a specific molecular abnormality to a therapeutic agent is especially difficult in MCL. As seen in the National Cancer Institute Molecular Analysis for Therapy Choice (MATCH) trial, it is difficult to enroll patients with lymphoma in a treatment arm, solely based on an "actionable mutation of interest." MATCH aimed to create precision medicine for a "basket" of different histological variety of cancers, including B cell lymphomas. The study was not able to match a patient with lymphoma to a treatment arm most likely because there are very few patients with aggressive B cell lymphomas who also have targetable genetic abnormalities. We should acknowledge that we currently do not have "actionable" genetic variants to target mutations in MCL. Targetable mutations may soon be identified in MCL through next-generation sequencing and/or other genomic tools; however, in the meantime, we should also explore other possibilities to affect MCL patient outcomes. One such possibility is to use newer technologies to uncover target genes for MCL proliferation and therapeutic resistance. For example, newer genomic experiments can be conducted in an FDA-mandated and compliant laboratory, signifying that the results can be used to formulate or modify treatment decisions in a clinical trial setting. A 17-gene proliferation signature was developed for patients with MCL, and the study reported statistically significantly different overall survival, separated by the genetic signature (14) . These results pave the way for prospective risk-adapted clinical trials with MCL-specific genetic targets. Our group has already developed a genetic signature for ibrutinib resistance in MCL using RNA sequencing. We intend to validate this signature using additional technologies and potentially use the signature to identify patients who are more likely to fall into relapse while on ibrutinib therapy and offer alternative therapeutic options.
Somatic mutations in MCL
Somatic mutations, which are nonheritable genetic variations, are particularly common in MCL cells (12, 13, 15, 16) . MCL somatic mutations are associated with the activation of various B cell pathways-a phenomenon that can be explored to identify therapeutic targets (17) . A distinctive feature of MCL is the acquisition of a high degree of molecular aberrations in the tumor genome. These genomic lesions can result in mutant clones that have a survival advantage; they can evade therapeutic intervention and circumvent the apoptotic pathway through alternative pathway activation. In addition to the mutations, epigenetic modifications also alter MCL tumor clones (18) . Advancements have been made in high-throughput and affordable sequencing, genome-editing technologies, DNA sequencing, and RNA sequencing; studies that have examined the mutational landscape through targeted sequencing appear to have identified recurring mutations with these methods. There are several genes, namely, ATM, TP53, MLL2, TRAF2, CARD11, and BIRC3 (12, 13, (15) (16) (17) , which are reported to be frequently mutated in primary MCL cells, with the ATM mutation found in nearly 50% of patients with MCL (15). Large-scale genomic studies are using the next-generation sequencing platform to describe the frequency of these mutations, mutational burden, copy number variations, and clinical importance of the somatic variants. These data could catapult the MCL therapeutic approach to a new era of targeted therapy and facilitate the transition from absolute dependence on a traditional histology-based approach to a more comprehensive patient-specific treatment strategy that includes the identification of mutations, pathway proteomics, and interrogation of impaired signaling pathways. This is a practical and systematic approach to make precision medicine a reality in the treatment of aggressive lymphomas.
Considerations for combining MCL genomics and B cell signaling
By combining applied genomics with the interrogation of the B cell signaling pathways necessary for B cell survival, clinical benefit can be maximized by curating therapies for individual patients.
Mutation-driven biomarkers can be quickly identified and used in clinical settings, as access to high-throughput screening increases. Information about molecular signatures may be used to define a patient's response to treatment (19) and even predict a prognosis. The efficacy and affordability of next-generation sequencing enable physicians to use genetic testing as a preliminary method in a systematic and consistent manner, instead of only when attempting to offer a diagnosis. After generation of a relevant gene panel, DNA sequencing of patient tumors can commence, and clinically relevant genetic variants can be identified. In addition to classifying somatic variants of MCL through targeted deep sequencing, potential treatment therapies can be assessed by targeting those variants with different agents in vitro. Implementation of newly developed robotics enables high-throughput drug screening to simultaneously assess the efficacy of a library of drugs. The newly established molecular profile can aid in ranking therapeutic agents based on their efficacy. In addition to targeted sequencing, there are several functional proteomics strategies, including protein microarrays, shotgun proteomics, multidimensional protein identification, and isotopecoded affinity tags, which can allow high-throughput screening of markers of specific B cell pathways (20) .
INTERROGATING B CELL SIGNALING PATHWAYS
Somatic mutations often lead to the constitutive activation of signaling pathways downstream of the affected gene. For instance, a point mutation in the gene encoding BTK (causing the amino acid substitution C481S in the protein) leads to persistent activation of BTK-mediated signaling and activation of the AKT (also known as protein kinase B) circuitry (6, 21) . Similarly, mutations involving NOTCH1 result in increased oncogenic activity of the NOTCH signaling pathway, which is associated with poor overall survival in MCL (16) . Activation of the alternative NF-В (nuclear factor  light-chain enhancer of activated B cells) pathway is linked with mutations in BIRC3 and TRAF2, and activation of the classical NF-В pathway is associated with resistance to ibrutinib (17) . Genomic instability should be viewed as an enabling feature for MCL therapy, especially given that B cell signaling pathways can be interrogated with newer molecules. There are multiple functional proteomics platforms that can identify B cell pathways in MCL with increased activity and underlying somatic mutations. For example, proteomics strategies such as N-glycoproteomic profiling, can now be used to classify lymphomas according to lineage, cell of origin, and the World Health Organization subtype. Genomic analysis also provides information on the relationship between glycoproteins and RNA expression (22) , ultimately offering a better understanding of cancer pathogenesis. Interrogating B cell pathways in the context of drug resistance in individual patients presents a more personalized approach for MCL treatment.
When B cells interact with antigens through their receptors, such as B cell receptors (BCRs), they produce antibodies through their mature effectors, plasma cells (23) . In addition, antigen-independent "tonic signaling" of B cells is also mediated by the BCR, underscoring the importance of B cell signaling pathways in the development and regulation of B cells (24) . The BCR and other coreceptors and pathways ensure normal development and the correct naïve repertoire of the B cells. As a result of the interconnectedness of the B cell signaling pathways, aberrations in one pathway can affect growth and proliferation mediated by another pathway. For example, in some MCL cases, the inhibition and inactivation of phosphatase and tensin homolog (PTEN) confers constitutive activation of AKT, which may promote chemoresistance (25) . The PI3K (phosphatidylinositol 3-kinase)-AKT-mTOR (mammalian target of rapamycin) and NF-В pathways are unusually active in the pathogenesis of MCL (26, 27) . Furthermore, there is evidence that MCL tumor cells can activate alternative pathways when classical signaling is quenched (17) . Therefore, the identification and interrogation of rogue B cell signaling networks may identify novel therapeutic strategies that overcome drug resistance and produce durable remissions in patients. This research is facilitated by a number of drugs that target B cell signaling and are either currently available or under development (Table 1) .
BCR signaling is vital to the survival, function, and proliferation of MCL cells. It is a complex network of signal transduction within and cross-talk between multiple pathways, generally-and most widely understood, thus far-being the NF-B, PI3K-AKT-mTOR, and ERK (extracellular signal-regulated kinase) pathways (23, 27, 28) . Thus, there are various opportunities for developing BCR signaling-targeted therapeutics to treat patients with MCL. Here, we highlight several of the current prospects.
Bruton's tyrosine kinase
Aberrant BTK activity is a major event in the malignant transformation and progression of B cell lymphoproliferative disorders (29, 30) . In MCL, ibrutinib has been successful in relapsed-refractory cases. This orally available, first-in-class BTK inhibitor binds to the active site of the enzyme at Cys 481 and inhibits its autophosphorylation, thereby preventing downstream signaling activities ( Fig. 1)  (31, 32) . However, identification of a BTK mutation involving substitution of serine instead of cysteine (BTK C481S ) has rendered ibrutinib to be a reversible inhibitor by decreasing the binding affinity to BTK. This has shown to give way to ibrutinib-resistant cells, wherein persistent phosphorylation of BTK and increased calcium influx occur after drug exposure (33). Advani and colleagues (34) conducted a clinical trial of single-agent ibrutinib in relapsed-refractory NHL patients with an overall response (OR) of 54%; for MCL the OR was 78% (nine cases). Wang et al. (4) showed a 68% OR for single-agent ibrutinib among 111 patients with relapsed-refractory MCL, with an estimated median progression-free survival (PFS) of 13.9 months, which led to the FDA approval of ibrutinib for relapsed-refractory MCL. There are multitudes of effector molecules downstream of BTK that are targets for therapeutic interventions. Newer drugs such as secondgeneration BTK inhibitor acalabrutinib (35) , , and BGB-3111 (37) have targeted BTK successfully with strong potential clinical benefit and no dose-limiting toxicity. Monitoring whether drug resistance to these other agents develops through similar mutations and/or mechanisms, as observed with ibrutinib, will provide vital insight. The synergistic effects of BTK inhibitors in combination with other pathway inhibitors, such as PI3K-AKT, may be crucial to overcoming resistance to ibrutinib.
Bringing targeted agents or intentionally combined pathway inhibitors to the frontline is the next logical step to minimize toxicity and reduce secondary malignancies. In one study among relapsedrefractory patients, treatment with ibrutinib drove the MCL cells out of organs (known as a "compartment shift" phenomenon). Once the MCL cells were circulating in the bloodstream, the patients were treated with rituximab, an antibody to the B cell surface antigen CD20, leading to an 88% overall response in this patient population (38) . By binding to B cells, rituximab was able to trigger natural killer cell-mediated, antibody-dependent cellular cytotoxicity via CD20 capping at the surface of B cells (39) . This process occurred independent of antibody cross-linking or intercellular contact, thus minimizing any other malignancies. On the basis of the efficacy of this regimen, the ibrutinib and rituximab combination moved to the frontline, followed by shortened chemotherapy for young, newly diagnosed patients. Preliminary reports displayed great promise with an excellent overall response of 100% and a complete response of 82%, demonstrating unprecedented efficacy of chemo-free therapy alone (40) and the importance of understanding the B cell pathways. Similarly, frontline therapy with the immune modulatory compound, lenalidomide, in combination with rituximab among untreated patients showed an overall response of 92% (41) , proving that chemo-free therapy can be more efficacious and less toxic than traditional cytotoxic combinations of four to five drugs. Ibrutinib, in combination with venetoclax, achieved 71% OR in 24 patients with relapsed-refractory MCL (Table 2) (42).
SYK/LYN
The BCR associates with two classes of tyrosine kinases: Src-family kinases [including LYN (Lck/Yes novel tyrosine kinase), FYN, BLK, and BTK] and spleen tyrosine kinase (SYK) (Fig. 1) (43) . Currently, there are a handful of tyrosine kinase inhibitors emerging as drug candidates. Entospletinib, a SYK inhibitor, has persisted and moved to phase 1 and 2 clinical trials. The response rates in a phase 2 study with relapsed or refractory CLL (n = 41) or NHL (n = 145) were favorable with a PFS rate of 70.1% (44) at 24 weeks. Apart from entosplenitib, the SYK inhibitor TAK-659 has also entered phase 1 clinical trials in adult patients with advanced solid tumor and lymphoma malignancies (45) . SYK/LYN inhibitors remain relevant due to the widespread capabilities of the Src-family kinases and their potential to impede BCR signaling.
PI3K-AKT-mTOR pathway
The PI3K-AKT-mTOR pathway plays a vast role in regulating cell function, growth, and proliferation in certain cancers (Fig. 2) (46-48) . PI3K consists of three classes (I, II, and III) that vary in both structure and function; class IA PI3Ks are highly associated with cancers and are, therefore, the focal point of most PI3K therapies (49).
PI3K activates AKT indirectly through the production of PIP 3 (phosphatidylinositol 3,4,5-trisphosphate) that binds AKT, facilitating its activation by other kinases. Inhibition of either step in this pathway can potentially halt cell proliferation and growth. PIP 3 compounds also activate members of the protein kinase C (PKC) family enzymes, which mediate various signals that promote cell proliferation, gene expression, and inflammatory responses. In addition, as part of the PI3K cell signaling pathway, PKC enzymes are associated with cancer and tumor growth and are thus potential targets for therapies (50) . PI3K is recruited by CD19, a B cell-specific surface antigen that decreases the threshold for BCR signaling pathway activation. Once CD19 becomes phosphorylated upon BCR ligation, it provides a docking site for secondary effector molecules like PI3K ( Figs. 1 and 2 ) at the plasma membrane. This facilitates BCR-induced intracellular calcium flux mediated through inositol-(1, 4, 5)-triphosphate binding to its receptors, as well as by mitogenactivated protein kinase activation. Through CD19 and adaptor protein-mediated recruitment of PI3K, BCR signals ultimately lead to the activation of the prosurvival signaling effectors AKT and NF-В (Fig. 2) (51) . Various PI3K-AKT inhibitors are active in preclinical studies and preliminary trials, with idelalisib emerging as one of the frontrunners (Fig. 2) , specifically targeting the PI3K isoform. Phase 1 trials have completed, and the overall response was 40%, with complete remission in 2 of 40 patients (5%) (52) . Median duration of response was 2.7 months, median PFS was 3.7 months, and one-year PFS was 22%. These data provide proof of concept that targeting PI3K is a viable strategy and worthy of additional study in MCL (52) . Combination treatment with SYK inhibitors in addition to monoclonal antibody therapy used for treatment of other B cell cancers could potentially be repurposed as MCL therapies.
mTOR
The mTOR pathway acts as a downstream effector of the PI3K-AKT pathway and is important to highlight due to its specific signaling capabilities (53) . However, mTOR may also function upstream of AKT, adding to the complexity of its pathological role in cancers (54) . mTOR complex 1 (mTORC1) and mTORC2 (Fig. 2) both have similar but distinct regulatory properties. mTORC1 acts as a growth regulator, known for its role in cell growth and proliferation through protein synthesis (55) . mTORC1 senses cellular stress and other signals that could potentiate abnormal mTOR signaling in tumors, due to either loss of function of upstream tumor suppressor proteins or activation of mutations within oncogenes that feed into the mTOR pathway (55) . mTORC2 manages cell survival and cytoskeletal organization via phosphorylation of its AGC (protein kinase A, protein kinase G, and protein kinase C) kinase substrates (56) . Enhancement of multiple elements of the mTOR pathway [gene amplification/ mutation of PI3K subunits, loss of function of PTEN, and overexpression of AKT, S6 kinase (S6K1), eukaryotic translation initiation factor 4E (eIF4E), and eIF4E-binding protein (4EBP1)] has been reported in many types of cancers (48) . Thus, mutations within this pathway are of particular interest and manipulating or inhibiting them may uncover effective B cell cancer therapies.
NF-B pathway
NF-B is a family of transcription factors that controls inflammation, cell differentiation, cell survival, and cell proliferation in response to various cellular stimuli. The NF-B family consists of five members: RelA, RelB, c-Rel, p50, and p52, which function as dimeric transcription factors (57) . Overall, there are two main NF-B pathways. The classical NF-B pathway is rapidly induced mostly by physiological stimuli and is dependent on inhibitor of B kinase  (IKK)-mediated activation of RelA-containing heterodimers, whereas the alternative NF-B pathway depends on the IKK/NF-B-inducing kinase (NIK) complexmediated processing of p100 to p52, which associates with RelB to induce expression of target genes (Fig. 3) . IKK is an enzyme complex that is at the upstream of the NF-B signal transduction cascade and is involved in transmitting the cellular response to inflammation (29) . Both the classical and alternative NF-B pathways are tightly regulated, and aberrant NF-B activation is associated with multiple cancers (58) . The complex consisting of caspase recruitment domain-containing protein 11 (CARD11), B cell lymphoma/leukemia (BCL10), and mucosaassociated lymphoid tissue (MALT), altogether called the CBM signaling complex, is responsible for acting as a signaling intermediate and is essential for regulation of the classical NF-B pathway (59) . This essential role of the CBM complex may be exploited for lymphoma; some lymphoma subtypes with gain-of-function mutant CARD11 is effectively blocked by c-Jun N-terminal kinase inhibitors (60) . NIK is the central player in the alternative NF-B pathway, and its protein levels are also strictly controlled (61) . At resting state, the endogenous abundance of NIK is low due to its constant ubiquitination-dependent proteasomal degradation by the formation of the NIK ubiquitin ligase composed of TRAF3, TRAF2, and cIAP1/2 (61). After being receptor-induced, TRAF3 undergoes proteasomal degradation and releases NIK. NIK then accumulates through increased protein stability and new protein synthesis (29) .
TRAF2 and TRAF3 are negative regulators of alternative NF-B signaling, and they interact with BIRC2 and BIRC3 to decrease NIK activity (62), the central player of alternative NF-B signaling, to promote the processing of p100 to p52 (Fig. 3) . Rahal and colleagues (17) found that NF-B target gene activity was selectively decreased by ibrutinib in drug-sensitive but not resistant MCL cell lines. Furthermore, TRAF2 and TRAF3 were not detectable by Western blotting in ibrutinib-resistant cell lines. Because TRAF2 and TRAF3 are negative regulators of alternative NF-B signaling, the idea that ibrutinib resistance is BTK/ BCR independent and that the alternative pathway is constitutively activated in MCL pathogenesis is quite plausible and is supported by the findings of Rahal et al. (17) . NIK silencing reportedly blocks both classical and alternative NF-B activation pathways (63) and reduces the expression of several prosurvival and antiapoptotic factors. In addition, substantial depletion of NIK from NIK-overexpressing cell lines substantially induces apoptosis and also has a more pronounced effect on cell survival than does knockdown of IKK (63) . NIK inhibitors showed selective cytotoxicity for multiple myeloma cell lines that had NIK-dependent activation of the NF-В (64). We expect NIK inhibitors to be active in BTK inhibitor-resistant MCL cases where the alternative NF-B pathway would be activated (Fig. 3) . Therefore, NIK may play an important role in conferring resistance to ibrutinib in MCL.
PROMISING THERAPEUTIC COMBINATIONS INVOLVING EFFECTIVE DISRUPTIONS OF B CELL PATHWAYS
Clinically effective disruption of B cell pathways may require agents that work in synergy. We have examined that the results of therapeutic combinations have been reported in NHL trials and preclinical studies (Table 2) . High-dose chemotherapy followed by ASCT consolidation remains a standard therapy for patients newly diagnosed with MCL. For older patients with relapsed-refractory disease, ibrutinib is the drug of choice. Therapy combinations with ibrutinibrituximab that targets BTK and CD20 (38) , rituximab-lenalidomide that targets CD20 and ubiquitin E3 ligase (41) , and ibrutinib-rituximablenalidomide that targets BTK, CD20, and ubiquitin E3 ligase have produced noteworthy clinical outcomes in patients with MCL (65) . We anticipate that combination therapies inhibiting BTK and PI3K will exhibit synergy and strong efficacy because the PI3K-AKT pathway appears to be highly activated in the event of BTK-mediated The AKT pathway is a major signaling network node that supports cell function, growth, and proliferation. Antigen binding to the BCR induces receptor clustering and transduction. Subsequent activation of PI3K through BCR-associated kinases (SYK or LYN) and the adaptor protein BCAP stimulates PI3K-mediated phosphorylation of the lipid PIP 2 to form PIP 3 , which then recruits AKT and other proteins to the plasma membrane, thereby facilitating activation. Cell proliferation is blocked by inhibition of PI3K or the intracellular BCR mediators, SYK, or LYN (Fig. 1) . By recruiting pyruvate dehydrogenase lipoamide kinase isozyme 1 (PDK1) and AKT to the plasma membrane, PIP 3 also activates PKC and mTORC1 and mTORC2, which are other potential targets for therapy. Pathway depictions have been simplified. PDK1, pyruvate dehydrogenase lipoamide kinase isozyme 1; BAD, Bcl-2-associated death promoter; PIP 5 K, phosphatidylinositol-4-phosphate 5-kinase.
resistance. Similarly, combining BTK inhibitors with inhibitors of the mTOR pathway or of NIK could be efficacious. Moreover, synergistic cytotoxicity by combined application with venetoclax and ibrutinib was previously demonstrated in two MCL cell lines, Z138 and JVM2 (66) , and proved very effective in the clinic for MCL (42) . Using the informatics and genomic tools that are available today, researchers may not only uncover alternative therapies to overcome resistance but also gain further insight into the underlying mechanisms of drug resistance.
TRANSLATIONAL MODELS TO TARGET B CELL PATHWAYS
Novel human cancer cell lines, various tumor models, mouse lymphoma models, and patient-derived xenograft (PDX) models are excellent tools to gain a deeper understanding of tumor biology and response to therapeutic agents (66) (67) (68) . Although human cancer cell lines are widely used for their convenience, their use has many disadvantages, particularly the inability to model the biology and responsiveness of the cancer in its natural microenvironment, given that tumor microenvironments are multifaceted and therefore not easily mimicked in a dish (66) . The nature of any two-dimensional models is a hindrance to successful translation into in vivo settings. Threedimensional in vitro tumor models have thus been developed to overcome these drawbacks, especially to more closely simulate the tumor microenvironment. Through either a device or matrix-assisted assembly, there is a potential for these models to provide a more accurate information regarding toxicity during the early drug testing phases. Many murine models of lymphoma have been genetically engineered to express the mutations associated with the growth of human lymphomas and hence give rise to spontaneous lymphomas (69, 70) . More recently, however, PDX models have gained much attention because of the closer nature of the PDXs to the patient tumor, including the complex genetic composition, and sometimes the immediate tumor microenvironment, and even the response to therapy. Molecular profiling and drug screening assays using MCL PDXs in vivo and in vitro have identified mechanisms of therapeutic resistance and drug combinations that may become clinically effective (71) . These models can be used to interrogate B cell pathways and identify novel treatment combinations that may eventually be translated to the bedside. However, challenges remain in the use of PDX models. Because of the use of immunocompromised mice, the model cannot take into account the effects that the natural immune response has on the tumor, directly and through its effects on the microenvironment. The use of fetal bone tissue in developing these models is also a challenge, especially in states that have strict regulations against their usage. Despite these challenges, PDX models are still able to provide clinically valuable data. By using PDXs, treatment responses might be predicted for individual patients, enabling translational scientists to investigate opportunities for targeting B cell pathways in the selection of appropriate, personalized therapies. Rituximab-cyclophosphamide hydroxydaunomycin oncovin prednisone (R-CHOP)/maxi-CHOP (9) 97% (n = 160) 87% (n = 160) Febrile neutropenia, 75%; hematotoxicity, >50%
9.4%
Rituximab-bendamustine (R-Benda) (73) 100% (n = 20) 95% (n = 20) Thrombocytopenia, 87%; neutropenia, 29%
CONCLUSION AND OUTLOOK FOR THE FUTURE IN MCL THERAPY
A patient-centric approach to treating cancer is hotly anticipated to improve clinical outcomes. This review focused on the integration of genomics, informatics, and interrogation of B cell pathways to improve MCL therapies by elucidating disease pathogenesis, progression, and mechanisms of resistance. Further advancement in genomics and their interplay with multiple B cell circuitries will continue to uncover therapeutic biomarkers. Identifying dominant B cell pathways is integral to not only MCL pathology but also to all B cell malignancies and should be a focus when designing therapies, especially in the face of key drug resistance. In this evolving field of cancer trials, we anticipate more individualized approaches in targeting MCL and other B cell malignancies. For a patient suffering from aggressive metastatic cancer, the best thing we can offer is hope, a fighting chance that is grounded in rapid translational research. Translational models that can mimic tumor activity would also play crucial role in gaging the response to drug treatment and the mechanisms of evading its toxicity. 
